Abstract
Introduction
1 Snow-and ice-covered surfaces are the most reflective regions on Earth, and their extent can 2 change substantially with small changes in climate. The presence of Earth's cryosphere 3 greatly alters the planet's albedo and changes in cryospheric extent and reflectivity therefore 4 partially determine the sensitivity of climate to anthropogenic and external forcings. After 5 water-vapor and cloud feedback, the albedo feedback is the third most powerful positive 6 feedback mechanisms operating within the current climate system (e.g., Bony et al., 2006; 7 Winton, 2006; Randall et al., 2007; Soden et al., 2008; Shell et al., 2008; Flato et al., 2013) . decades, including mass loss from ice sheets and glaciers (e.g., Rignot et al., 2011 , Gardner 10 et al., 2013 , rapid ablation of autumn Arctic sea-ice (e.g., Serreze et al., 2007; Stroeve et al, 11 2012), and reduced seasonal snow coverage (e.g., Dery and Brown, 2007; Brown and 12 Robinson, 2011). The Arctic is one of the most sensitive regions on Earth to global climate 13 change (Manabe et al., 1992; Manabe and Stouffer 1994; Miller and Russell 2000; Meehl and 14 Washington 1990). Several recent studies (e.g., Chapman and Walsh, 2007 , Monaghan et al., 15 2008 , Steig et al., 2009 have shown that climate is also warming over west Antarctica, and is 16 related to Pacific Ocean warming (Ding et al., 2011) and circumpolar winds.
17
The shortwave Cryosphere Radiative Effect (CrRE) is the instantaneous influence of snow-
18
and ice-cover on Earth's top of atmosphere (TOA) solar energy budget (Flanner et al., 2011; 19 Hudson, 2011; Perket et al., 2014) . CrRE depends not only on snow and sea-ice coverage, 20 but also on local insolation, cloud cover, and properties of the snow, ice and their underlying 21 surface that determine reflectance. These features determine the impacts of cryospheric 22 presence on net TOA solar flux (e.g., Winton, 2006; Qu and Hall, 2005) . Changes in the 23 extent of seasonal snow cover and sea-ice can drive large changes in CrRE on sub-decadal 24 timescales, whereas the areal coverage of ice sheets and glaciers tend to evolve on much 25 longer timescales. The presence of the cryosphere also perturbs Earth's longwave energy 26 budget, e.g., through changes in emissivity and surface temperature resulting from the 27 insulating effect of snow and the change in surface elevation induced by ice sheets. This 28 study, however, concentrates exclusively on the shortwave component of CrRE (hereafter 29 referred to simply as CrRE).
We assume any pixel with snow coverage greater than zero has a surface albedo that was 23 affected by the presence of snow. We apply data with quality flag 4 and better to maximize 24 the spatial and temporal coverage of albedo measurements. Missing data in this collection 25 arise from cloud cover and absence of sunlight at high latitudes during winter. To derive a 26 spatially and temporally continuous LCrRE record, we also apply snow-cover information 27 from the Near-real-time Ice and Snow Extent (NISE) dataset (Nolin et al., 1998) generated to fill any missing MODIS data-points, using the following steps:
9
Step 1: For each pixel and each 16-day period of the year, we take the average albedo over all 10 the years (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) of MODIS data during periods with valid measurements and non-zero 11 snow cover. Since this is a seasonally-varying gridded climatology, it is primarily used to
12
replace albedo of missing MODIS data in situations deemed to be snow-covered in the NISE 13 dataset.
14
Step 2: We take the annual mean of the albedo values generated from the previous step for 15 each snow-covered unfilled pixel in step 1. We only apply this average at locations and times
16
when the climatology from step 1 does not provide valid data (e.g., at pixels and 16-day 17 intervals that had substantial cloud cover during each of the 13 years of MODIS 18 observations).
19
Step 3: Albedo values generated from the previous two steps are averaged spatially over all 20 pixels within each land classification type defined in the MODIS MCD12C1 product using 21 IGBP (Type 1) land cover classification. This procedure produces an annual-mean snow- a region R that is composed of N partially snow-or ice-covered grid-cells i is:
where A is area, α -αsnow-free is the albedo contrast (Δα), and  were calculated with and without surface albedo perturbations every model time-step for one 5 year of simulation, and flux differences were then averaged into monthly resolved kernels.
6
We also apply radiative kernels generated previously with the CAM3 model (Shell et al., 7 2008) and Geophysical Fluid Dynamics Laboratory Atmosphere Model (AM2) (Soden et al., 8 2008).
9
A graphical representation of the basic algorithm used in our analysis is shown in Fig.1 , and 10 can be summarized as follows: LCrRE are set to zero for that pixel. higher than that derived from the CAM4 kernel because cloud masking is substantially less in 22 CAM5, due to the prevalence of thinner clouds (Kay et al., 2012 , Perket et al., 2014 snow cover varies substantially on even smaller spatial scales. Fig. 6 shows LCrRE 32 contribution of the Andes and the Himalayas averaged over the MODIS era.
Sensitivity Analysis

1
A sensitivity analysis of LCrRE has been done to estimate its dependence on various 2 parameters included in the algorithm (Table 2 ). In this part of the study, CAM4 kernels are 3 used and other parameters are varied. The first column represents the LCrRE values from the 4 default case using the algorithm discussed in section 2.3 (Fig. 1) Annual global LCrRE averages do not show significant inter-annual trends during the 6 MODIS era (Fig. 7) , perhaps partially due to the relatively short duration of this period. and Brown, 2007; Brown and Robinson, 2011; Derksen et al., 2014) . et al., 2014; Lyapustin et al., 2014) , which would indicate a spurious decline in 25 albedo.
26
We also observe slightly negative LCrRE trends over Antarctica, which may be due to 27 increases in snowfall that have decreased the duration that surface snow has to "age", thereby 28 increasing surface albedo (Picard et al., 2012) . Interestingly, LCrRE has also become more 29 negative over some regions of Central Asia, presumably due to increased temporal coverage 30 of snow. et al., (2011) has been generated (Fig. 9 ). This 12 difference was taken between annual mean LCrRE values over the common overlap period.
Comparison with previous study
13
We find that the use of coarse-resolution snow cover data (Flanner et al, 2011) likely leads to 2008, Nature Geoscience., 4(3), 151-155, doi:10.1038/ngeo1062, 2011. 6 Flato, G., Marotzke, J., Abiodun, B., Braconnot, P., Chou, S. C., Collins, W., Cox, P., Driouech, F., Emori, S., Eyring, V., Forest, C., Gleckler, P., Guilyardi, E., Jakob, C., Kattsov, MODIS and NISE datasets of snow, and thus these averages are specific to the current study.
3
MODIS provides surface albedo only over land, so albedo for water cannot be determined. 
